Introduction: China is responsible for more than 60% of global aquaculture production. As the frontiers of food production have expanded, the cultivation of marine organisms in coastal zones and the open ocean has grown rapidly. The dominant mariculture industry in China is suspended mariculture, which uses net cages, ropes, or other structures suspended in the water column to cultivate aquatic organisms. This systematic, quantitative review provides a clear and comprehensive account of research that has investigated the adverse impacts of suspended mariculture in China and reviews research that has applied Integrated Multi-Trophic Aquaculture (IMTA) systems for mitigating impacts. This work builds on 218 peer reviewed papers that have been published in English-language journals. Outcomes: Eighteen impacts were identified, including chemical, ecological, physical, and socioeconomic impacts. Eighteen measures for improving suspended mariculture were recommended consisting of government department, farm management, and ecological engineering measures. IMTA was the most frequently recommended measure. The capabilities of IMTA for bioremediation and increased farm production were the most frequently studied advantages. Seven other benefits have been explored but remain understudied. The current challenges facing the expansion of commercial IMTA include limited use of new technology, limited skills development, decreasing production of low trophic-level species, biogeographic and temporal barriers, and negative system feedbacks. Conclusion: Despite challenges, implementing commercial IMTA is a promising measure for reducing the impacts of suspended mariculture because it presents a range of secondary benefits that can improve the overall sustainability of aquaculture in the coastal zone.
Introduction
In the face of climate change, economic uncertainty, and growing competition for natural resources, a pressing issue for science is how to ensure food security for more than 9 billion people by 2050. The fastest growing food production sector in recent years has been aquaculture, which has produced more fish for human consumption than capture fisheries since 2013 (FAO 2016) . The largest aquaculture producer in the world is China, which is responsible for more than 60% of total world production using freshwater and marine systems (FAO 2016) .
In marine aquaculture, or mariculture, one perception is that farming aquatic organisms alleviates pressure on wild stocks. In some cases, however, the opposite may be true: the farming of higher trophiclevel carnivorous fish species requires large inputs of wild fish for feed. Wild fish stocks are further diminished through habitat modification, wild seedstock collection, waste release, exotic species introductions, and the transmission of aquaculture pathogens (Naylor et al. 2000) . The farming of lower trophic-level species, in contrast, is considered more environmentally sound because species such as filter feeding mollusks have a higher eco-efficiency and make a substantial net contribution to global seafood supply (Williams 1997) . In China, suspended mariculture in open ocean water dominates mariculture production; however, the technique uses net cages, ropes, or other structures suspended in open ocean water and so it has been criticized because adverse impacts are freely imposed on the supporting water column. The vast scale of suspended mariculture in China implies that ecosystem-scale impacts are likely, and therefore solutions that limit or mitigate impacts are vital.
The implementation of Integrated Multi-Trophic Aquaculture (IMTA), a form of ecological engineering in aquaculture, has been proposed to help alleviate the impacts of suspended mariculture for some time (Chopin et al. 1999; Neori et al. 2004; Troell et al. 2009 ). Prototypical IMTA systems aim to integrate extractive (non-fed) aquaculture species with fed species, so that the extractive species assimilate farm waste and generate a harvestable biomass that can be sold for profit. Other economic, environmental, and social benefits include increased product diversity, improved ecosystem services through improved environmental conditions, and the development of associated industries, wider employment opportunities, and social acceptance. IMTA research worldwide has shown that macroalgae, shellfish, and echinoderms can be used to assimilate dissolved nutrients, suspended particulates, and settling particulates, respectively (Chopin 2015) . The implementation of IMTA is attractive conceptually, but there may be limitations: ecological engineering to enhance food production is complex and dynamic, and requires advanced skills and systems that may not be widely available yet, particularly on a commercial scale.
This paper reviews the current state of research on the impacts of suspended mariculture and the potential applications of IMTA in China. A systematic, quantitative assessment of the literature was conducted to examine impacts, collate recommendations for mitigating impacts, and identify the scope for, and challenges facing, IMTA in China. Details of the methodology employed in the literature search are available in Appendix S1. Chinese aquaculture production data were extracted from the China Fishery Statistics Yearbooks published annually by the Ministry of Agriculture (MoA) of the People's Republic of China (MOA 1981 (MOA -2016 .
Mariculture in China
China has consistently produced more than 60% of the world's aquaculture products for the past two decades. Recent projections suggest that this proportion will be maintained through 2025 (FAO 2016) . In 2015, China farmed 49.37 million tons (RMB 828 billion,~US$120 billion) of aquatic products, of which 18.75 million tons (38% production, 35% value) was produced using mariculture (MOA 2016) .
At present, freshwater aquaculture may contribute the bulk of aquaculture production in China, but the practice adds pressure to China's already overexploited freshwater resources. In northern China, there has been an increase in droughts that is compounding a pre-existing uneven distribution of fresh water across the country. Agriculture, in particular, has suffered heavily . Additionally, freshwater aquaculture in China produces less biomass per hectare than mariculture ( Figure 1 ). It is therefore unlikely that production from freshwater aquaculture will continue to meet the growing demand for aquatic products over the long term, and so focusing efforts on developing sustainable mariculture is favorable.
Mariculture production in 2015 was made up of predominantly low trophic-level species; 13.58 million tons of mollusks, 2.01 million tons of macroalgae, 1.43 million tons of crustaceans, 1.36 million tons of finfish, 0.21 million tons of echinoderms, and 0.07 million tons of other aquatic species such as jellyfish (MOA 2016) . In 2014, 12 million tons of bivalve mollusks were farmed -five times higher than those produced in the rest of the world (FAO 2016) .
Mariculture production is unevenly distributed along China's 18,593 km coastline which covers nine coastal provinces. The bulk of mariculture production comes from Liaoning, Shandong, Fujian, and Guangdong, which together represent 61% of the coastline but produced approximately 80% of marine aquatic products in 2015 (Figure 2 ) (MOA 2016) . Four mariculture systems are dominant (Figure 3 ). Recirculating aquaculture systems and marine ponds are land-based systems that accounted for 0.19 million tons (1.01%) and 2.35 million tons (12.53%) of production in 2015 (Figure 3) . Sea ranching and suspended mariculture can be open-water, coastal or offshore, systems. Sea ranching, or bottom culture, does not require physical aquaculture structures and Figure 2 . Map of China showing the location of the nine coastal provinces and the lengths of their coastlines. The inset graph shows the total number of publications from each province that have investigated the environmental impacts of suspended aquaculture or Integrated Multi-Trophic Aquaculture. Provinces in the inset graph are listed from north to south. * The 5-year average annual mariculture production (× 10 6 tons) was extracted from the China Fishery Statistics Yearbooks (MOA 1981 (MOA -2016 . **The coastline length of Jiangsu includes the 196 km coast of Shanghai. is practiced by stocking hatchery-reared organisms in the open sea for growout and future harvest (e.g., Wang et al. 2017) . Suspended mariculture systems require moorings and rigging such that culture organisms can be suspended in the water column. There are two modes of suspended mariculture: longline culture of macroalgae, bivalves or other mollusks, and sea cage, or "fish raft," culture of fed species. Fish raft systems are sited and moored using methods similar to longline systems but they incorporate floating platforms to facilitate husbandry activities such as feeding and net-cleaning. The surface area of individual fish cages in China is typically small, under 25 m 2 each. Sea ranching and suspended mariculture accounted for 5.28 million tons (28.12%) and 7.11 million tons (37.89%) of total mariculture production in 2015 (Figure 3) . Approximately 3.83 million tons (20.43%) of Chinese mariculture production came from unidentified sources that may include the above techniques, as well as pen culture (e.g., Beveridge 1984) or other unspecified techniques. Suspended mariculture therefore represents the largest contributor to Chinese mariculture production and is the focus of the present review (Figure 3 ).
Results
The environmental impacts of suspended mariculture in Chinese waters have been examined in at least 161 papers since 1994 (Appendix S2). The various applications of IMTA in China have been assessed in at least 73 papers since 1996 (Appendix S3). Fifteen (7%) of the papers were relevant to both topics. Most research has been conducted in Shandong and Guangdong (Figure 2 ). It is conceivable that 2010 represents the start of modern research on these topics because 155 (71%) of the papers were published between 2010 and 2017 ( Figure 4 ).
The environmental impacts of suspended mariculture
Suspended mariculture in China was linked to 18 environmental impacts. Impacts from all trophic levels were characterized as eight chemical, five ecological, two physical, and two socioeconomic impacts ( Figure 5 ).
Trophic-level impacts
There has been a strong focus on studies investigating the impacts of finfish (86 papers) and shellfish (82 papers) mariculture, while the impacts of macroalgal cultivation have been studied less frequently (42 papers). The impacts of echinoderm culture were studied by five papers that were relevant to this review, but the echinoderms were cultured in pond or sea ranching systems rather than in suspended systems.
Chemical impacts
Chemical impacts included pollution from organic and inorganic nutrients, and pollution from anthropogenic sources including toxic compounds, pharmaceuticals, and metals. Together these can change the composition of sediment, contribute to eutrophication, or cause hypoxic or anoxic conditions. The most frequently discussed and demonstrated chemical and overall impact caused by suspended mariculture in China is the release of inorganic waste ( Figure 5 ). Although eutrophication was frequently discussed in the literature (46 papers), fewer studies proceeded to demonstrate the contribution of suspended mariculture to eutrophication (13 papers).
Ecological impacts
Ecological impacts have included changes to surrounding ecological communities, the induction of algal blooms, the transmission of pathogens form cultivated stock to wild communities, and the escape of cultivated stock that can disrupt local populations. Changes to community structure were the most frequently studied ecological impact ( Figure 5 ).
Physical and socioeconomic impacts
The physical and socioeconomic impacts of suspended aquaculture remain relatively understudied. Initial research has shown that physical impacts can include alterations to hydrodynamics and habitat, while socioeconomic impacts can include decreased productivity, decreased stock quality, and economic loss ( Figure 5 ).
Recommendations to improve suspended mariculture
Ninety-two papers that investigated the environmental impacts of suspended mariculture made explicit recommendations for improvement. Eighteen recommendations were categorized as either "farm management" (74 papers, 42%), "government management" (47 papers, 27%), or "ecological engineering" (55 papers, 31%) measures ( Figure 6 ). The most frequently recommended measure in each category, respectively, was to site farms carefully and enforce appropriate stocking densities, improve policy and regulations, and implement IMTA ( Figure 6 ). IMTA was the most frequently recommended measure overall (25 papers).
The benefits of IMTA in China
In China, 72 papers show nine potential benefits of IMTA. Forty-eight papers explicitly recommended its implementation. The potential benefits of bioremediation and/or biomitigation, and the possibility of increased farm production are most frequently demonstrated ( Figure 7 ). Seven other benefits are discussed and/or demonstrated: improved ecosystem function, increased financial return, improved sustainability, decreased stock mortality, increased product quality, potential for pathogen control, and improved public opinion and social benefits. The possibility that IMTA could improve farm financial return was discussed in 22 papers but only 5 papers proceeded to demonstrate a positive financial impact.
Discussion

Suspended mariculture environment
China's coastline spans 23 degrees of latitude (17-40°N
) and 16 degrees of longitude (108-124.5°E) (Xiao et al. 2007 ) and is therefore characterized by a variety of climates, morphological features, biodiversity, and anthropogenic pressure. The high population density of China's coastal provinces strain the marine environment (Ding, Ge, and Casey 2014; Williams et al. 2016) . All major coastal water bodies are impacted by human activities (Xiao et al. 2007 ). Suspended mariculture sites face pollution from terrestrial runoff, river discharge, and submarine groundwater discharge . Further challenges include habitat alterations and pollution from large marine industries including shipping, pond aquaculture, and contaminants from atmospheric sources (Ding, Ge, and Casey 2014; Hou et al. 2016) .
Good shelter and wave attenuation are the primary criteria for the development of mariculture in China ( Ma et al. 2015) . Shallow seas with depths up to 10 m cover 10 million ha (Xie et al. 2013) . The majority of suspended mariculture therefore occurs in the numerous semi-enclosed bays, on mud flats and in shallow seas (Cao et al. 2007 ). Wang (1993) estimated that 1.3 million hectares of inshore area are suitable for mariculture. Xiao et al. (2007) identified 50 major coastal bays, most of which have a >400 km 2 surface area and already support suspended mariculture activities.
Bays and islets are often characterized by slow water exchange and so pollutants can accumulate readily in the vicinity of aquaculture operations ; Lee, Choi, and Arega 2003).
Accumulation of effluent is dangerous because in the shallow inshore region the resuspension of toxic substances in adverse weather occurs easily (Wong and Cheung 2001; Qi et al. 2013) . As an alternative, the potential for expanding production from offshore aquaculture has been proposed but offshore systems remain underdeveloped and understudied (Qi et al. 2013) . Production from circular fish cages sited offshore in China accounted for only 0.56% of total aquaculture production in 2015 (MOA 2016) . Understanding the impacts of the environment on aquaculture, and the impacts of aquaculture on the environment, are necessary for achieving sustainable aquaculture (Han, Keesing, and Liu 2016). 
The environmental impacts of suspended mariculture
While aquaculture has been practiced in China for thousands of years, suspended mariculture started only recently but has expanded rapidly. Suspended fish cage mariculture originated in Hong Kong in the 1960s (Lai and Yu 1995) . Details on production from suspended mariculture in China in the early years have not been published, but it is known that the mariculture industry boomed from the early 1970s. Production increased from 0.01 million tons in 1950, to 0.18 million tons in 1970 and then to 18.75 million tons in 2015 (Figure 4 ) (Tseng 1993; Zhong and Power 1997; MOA 2016) . Suspended mariculture is now the biggest contributor to Chinese mariculture production ( Figure 3 ). Growth of suspended mariculture has been driven largely by shellfish and macroalgal culture in shallow coastal waters (Tang, Zhang, and Fang 2011) , but the rapid increase of mariculture production has caused a rapid increase in environmental impacts.
Trophic-level impacts
It is well recognized that the impacts of suspended aquaculture are dependent on the culture species, culture method, culture density, feed type, general husbandry practices, and site-specific characteristics including local and regional hydrodynamics (Wu 1995; Gao et al. 2005) . These factors vary widely in China because of the diversity of culture organisms, culture methods, environments, and climates. Despite relatively low finfish production (7.2% by volume in 2015, MOA 2016), the high frequency of studies that have investigated the impacts of suspended finfish culture is probably because finfish have a substantially higher value per kilogram and require feed input that intensifies impacts. The research attention on the impacts of shellfish is probably because the production of shellfish vastly outweighs all other groups in China (72.4% by volume in 2015, MOA 2016) and because the cultivation of shellfish presents a paradox; on the one hand shellfish may help to assimilate suspended particulates but on the other hand shellfish may only partially assimilate particulates and can produce large volumes of psuedofeces and feces that have a high settling velocity and can pollute benthic habitats (Ren and Zhang 2016) . Macroalgal culture is reputed as an environmentally sound form of mariculture because of its extractive properties that can help to alleviate eutrophication and restore ecosystem services (Edwards 2015) ; however, impacts from suspended macroalgal culture are plausible and include the inhibition of water flow and light penetration, and the deposition of large amounts of tissue from breakage and drop-off (Zhang et al. 2012; Zhou 2012 ). The potential for cultivating echinoderms in suspended systems remains experimental and so the impacts caused by suspended echinoderms have not been investigated (e.g., Yu et al. 2012) . This review grouped the impacts from all trophic levels as either chemical, ecological, physical, or socioeconomic ( Figure 5 ).
Chemical impacts
Common inorganic substances include nitrogen, phosphorous, and sulfur compounds such as ammonia, nitrate, phosphate, sulfate, and pyrite-S (Cai et al. 2016; Duan et al. 2016; Kang, Liu, and Ning 2016) . Organic waste includes fish feed and feces, urea, dead and decaying culture organisms, and methane (Leung, Chu, and Wu 1999; Hou et al. 2016) . When inorganic and organic substances settle, changes in sediment composition can result. Settling biodeposits, synthetic compounds, or metals are commonly recorded from sediment in aquaculture zones Wang et al. 2014a; Ren and Zhang 2016) . The natural chemical reactions for processing waste from fish farms can give rise to hypoxic or anoxic sediment and water bodies (Zhang, Huang, and Huang 2013; Kang, Liu, and Ning 2016) . Chemical impacts from suspended aquaculture are generally caused by the continuous or pulse release of waste substances associated with normal husbandry activities Xu et al. 2011) .
When the release of nutrients is substantial, eutrophic conditions can occur (Cao et al. 2007; Xu et al. 2008) . The disparity between papers that discuss eutrophication as an impact from suspended mariculture and papers that demonstrate it is probably because of the difficulty in identifying the source of nutrients in open coastal systems impacted by several human activities ( Figure 5 ). Common sources of nutrients in China's waters include discharge from rivers, discharge from industrial outlets, submarine groundwater discharge, coastal pond aquaculture effluent, wastewater from shipping ports, urban runoff and untreated sewage, pollutants from large-scale sea ranching and pond aquaculture operations, and waste from suspended mariculture. The combined result can cause nutrient concentrations multiple times higher than natural levels and so many coastal areas in China are eutrophic (Zhou et al. 2006c; He et al. 2008) .
The release of synthetic compounds has included polycyclic aromatic hydrocarbons that have been linked to the operation of boats supporting aquaculture infrastructure (Klumpp et al. 2002; Yu et al. 2012) . Various persistent halogenated compounds (PHCs), pesticides such as DDT (dichlorodiphenyltrichloroethane), and pharmaceuticals have originated in feed (Yu et al. 2011b; Chen et al. 2015; Fang, Bao and Zeng 2016) . The release of pharmaceuticals from aquaculture in China has been reviewed previously and, in the context of coastal aquaculture, has included high levels of sulfonamides that can cause the occurrence of antibiotic-resistant genes (He et al. 2016 ). Higher concentration of metals such as Zn, Ni, Cu, Cr, Pb, and Ca has been linked to antifouling paints on aquaculture infrastructure and the use of low-quality feeds (Gu et al. 2014; Liang et al. 2016) . If chemical impacts are substantial, ecological impacts can occur.
Ecological impacts
Research in China has shown that suspended aquaculture systems can cause changes to surrounding ecological communities by significantly altering benthic, microbial, planktonic, and fish community dynamics (e.g., Jiang et al. 2012; Han et al. 2013a; Lu et al. 2015; Zhao et al. 2016) .
Two other widely publicized ecological impacts are micro-and macro-algae blooms, which proliferate and thrive in eutrophic environments. Harmful algal blooms (HABs), comprising microalgae, have caused major stock and economic loss to the aquaculture industry and have also caused large-scale mortality of wild populations for decades (Lai and Yu 1995) . The frequency and extent of HABs has been increasing in China (Wang et al. 2008; Lu et al. 2014a ). Based on long-term data from Hong Kong, Lee (2016) showed a significant positive correlation between the intensity of coastal mariculture and the occurrence of HABs. Macroalgal blooms have started to occur more recently and have been reported in the northern East China Sea and Yellow Sea since 2007 (Keesing et al. 2011) . These seaweed blooms have been shown to originate from open water suspended Porphyra culture systems and have spanned more than 40,000 km 2 in some instances. Bloom-forming species including Ulva and Enteromorphaspp. have caused major economic loss by inundating waterways and beaches, and have caused widespread asphyxiation of organisms when the blooms biodegrade (Liu et al. 2009; Liu et al. 2013) . A third bloom type, jellyfish blooms, has also been linked to the expansion of suspended mariculture because husbandry infrastructure provides substrate for larval settlement and husbandry activities provide nutrients for proliferation (Dong, Liu, and Keesing 2010) .
Further ecological impacts are the transmission of pathogens and the introduction of escaped culture organisms that can include invasive species. Pathogens tend to flourish in intensive aquaculture because culture organisms are stocked at high density, are easily stressed, and so are more susceptible to infection (Pang et al. 2015; Liu et al. 2016) . In cultured grouper, it was shown that parasitic gill monogeneans have a higher species richness and diversity in suspended mariculture systems compared to grouper harvested from the wild (Luo and Yang 2012) . It has been hypothesized that pathogens can be transmitted to natural populations either by direct transfer or through escaped culture organisms as vectors (Bondad-Reantaso et al. 2005) ; however in China, this remains to be demonstrated in suspended mariculture. Lin et al. (2015) reviewed the introduction of non-native species for use in aquaculture in China, but the impact of escaped/released organisms from suspended mariculture requires further investigation. Escaped indigenous species can dilute the genetic diversity of natural populations while introduced species can lead to successful ecological invasions (Wang et al. 2007a; Wang et al. 2014b) .
One ecological impact that remains unstudied is the release of macrowaste (garbage) that can contribute to degrading the ecological condition of mariculture areas. Feng et al. (2004) hypothesized that garbage release from open water farms was likely but did not investigate further. In Hong Kong, open water fish farmers have been observed discarding garbage directly into the surrounding water as normal practice and numerous plastic feed bags have been found on the shoreline up to 4 km from the nearest fish culture zone. It is also common for fish raft ablution facilities to release untreated sewage and cleaning products directly into the water.
Physical impacts
It is known that longlines, rigging, and net cages can physically alter both hydrodynamics and habitat ( Figure 5 ). Aquaculture structures can significantly change surface current speed and direction, induce downwelling, and reduce water exchange of bays (Grant and Bacher 2001; Zeng et al. 2015; Lin, Li, and Zhang 2016) . Shi and Wei (2009) found that suspended aquaculture in Sanggou (Sungo) Bay reduced the average speed of currents by 40%, and the average half-life of water exchange was prolonged by 71%. Physical alterations to habitat can be positive or negative. Wang et al. (2015) noted that floating structures from aquaculture increase the complexity of wild fish assemblages and enhance the populations of local species. However, aquaculture structures provide a substrate for biofouling communities. While biofouling communities can help to process dissolved and particulate aquaculture waste in some cases, Qi et al. (2015) showed that ascidians that colonize scallop cages in Sanggou Bay played an important role in coupling material fluxes from the water column to the sea bed through biodeposits generated by the ascidians and through ascidian drop-off to the sea floor. That study reveals a notable 143 tons of ascidian drop-off into the bay over a growing season.
Socioeconomic impacts
The socioeconomic impacts that have been studied in China generally result from the cumulative effects of multiple chemical, ecological, or physical factors. These factors decrease farm production and increase economic loss through events such as fish kills and reduced product quality ( Figure 5 ). For example, one consistently devastating challenge facing the Zikong scallop Chlamys farreri industry in northern China is the mass summer mortalities that have occurred since 1996, causing up to 85% loss of stock. It is shown that these mass mortality events are probably caused by a combination of several factors including reproductive stress, high temperature, overcrowding, poor water circulation, opportunistic invaders or predators, and hatchery inbreeding (Xiao et al. 2005) .
As food safety regulators tighten monitoring and consumers become more responsible, the importance of product quality is becoming a focus; quality indices are shown to successfully identify the origin of cultured scallop Argopecten irradians in northern China . Waste substances that reduce the quality of final products, and are potentially harmful to humans, have been detected in culture organisms. These substances originate from husbandry activities, or in low-quality feed, and can contaminate products and lead to negative socioeconomic consequences. Examples of these substances include selenium, organochlorine pesticides such as hexachlorocyclohexanes, DDTs, and other PHCs (Yu et al. 2011a; Yu et al. 2011b; Wang et al. 2014a; Chang et al. 2016 ). To gain consumer support for suspended mariculture over the long term, it will be important to mitigate these issues through proper monitoring, regulation, and certification.
Recommendations to improve suspended mariculture
To insure the long-term sustainability of suspended mariculture, healthy aquaculture environments sufficiently protected from external stressors are required. The relatively even distribution of papers that have recommended farm management, government management, and ecological engineering measures suggests that a multidisciplinary combination of methods is probably necessary to achieve sustainability ( Figure 6 ).
Farm management
Farm management measures can be implemented by farm managers at the individual farm level. It is suggested that carefully siting farms is one of the most effective ways to limit environmental impacts because farmed stock should be maintained at or below the carrying capacity of a site (Feng et al. 2004) . Another recommendation was to move farm operations offshore, away from the semi-enclosed bays that tend to have low carrying capacities ). Offshore areas are characterized by deep water and higher-order hydrodynamics that can flush farm waste away from farm areas and distribute it over larger areas for assimilation by natural processes (Feng et al. 2004 ).
Other farm management recommendations included improving general husbandry practices, using carefully formulated feeds and optimizing feeding regimes (Figure 6 ). In China trash fish is still the most commonly used feed for the culture of fed species (FAO 2014) . Formulated feeds should replace trash fish because formulated feeds are generally more digestible and will result in lower feed conversion ratios and environmental impact. Formulated feeds should be high quality because many low-quality feeds have low nutritional benefit or contain contaminants that originate in the ingredients used to make the feed (Edwards 2015; Liang et al. 2016) . Improving the use of pharmaceuticals for the treatment of pathogens in suspended mariculture was suggested in only one study (Xie et al. 2013 ). Fallowing of culture sites and dredging to remove contaminated aquaculture sediments were recommended by few studies: Feng et al. (2004) suggested moving fish rafts to new areas and halting culture activities at the original site for 1-2 years to facilitate recovery of impacted sediment. However, fallowing and dredging have not been popular probably because of the associated expense and logistics.
Governmental management
Governmental management measures must be initiated, coordinated, and regulated by relevant government departments and local municipalities. The most frequently recommended measure in this category was to improve policy and/or regulations. Suggestions for policy were centered around implementing well-regulated legislation that facilitates an industry transition to more sustainable practices. The current licensing system in China has been reviewed by ; licenses for sea area use and aquaculture are granted separately and once a farmer is in possession of both they can engage in open water aquaculture. In many cases, licenses have not specified the species, stocking densities, or system layouts and so aquaculture activities have proceeded unrestricted. Prior to the 1990s this system was advantageous and played an important role in the development of suspended mariculture in China. More recently, however, the lack of restrictions has, in many cases, allowed production volumes to far exceed local carrying capacities and has resulted in severe pollution and disease outbreaks .
Other recommendations for governmental measures included implementing integrated coastal management (ICM), initiating ecosystem protection, establishing aquaculture associations, or implementing regulations based on the polluter pays principle (Figure 6 ). ICM refers to a holistic management framework that guides multidisciplinary management measures in the coastal zone (Yu et al. 2016a ). In aquaculture, this can include efforts to use multidimensional models to guide management decisions across marine sectors and to guide the implementation of suitable policies (Nobre et al. 2009 ). Ecosystem protection measures could include the zoning of protected areas, under various levels of protection, to limit the intensity of aquaculture and support a healthy ecosystem overall (Hu 1994; Feng et al. 2004; Yu et al. 2016b ). The formation of aquaculture associations is recommended to help guide farmers on husbandry practices and encourage information sharing between farmers (Liu et al. 2009; Xie et al. 2013) . Implementing the polluter pays principle is also suggested and would require farmers to pay a tax on any pollution they release over and above predetermined levels (Zhou et al. 2006a; Neori 2008) . A polluter pays system could be expanded further to include a nutrient credit system that allows for intra-and inter-industry nutrient credit trading based on net nutrient release or extraction Troell et al. 2009 ). Farmers engaging in the cultivation of extractive species would benefit from a nutrient credit trading system because the economic value of lower trophic-level species would increase.
Ecological engineering
Ecological engineering in aquaculture addresses, quantifies, and facilitates the construction of biological systems that can assist in managing waste as a resource (Troell et al. 2009 ). The implementation of IMTA, large-scale mollusk farming, large-scale seaweed farming, the careful selection of production species, and large-scale echinoderm farming are all forms of ecological engineering that have been recommended in China (Figure 6 ). IMTA and the large-scale cultivation of extractive species can mitigate or remediate aquaculture waste by assimilating it (Chopin et al. 2001; Neori et al. 2004 ). These techniques have become popular because, if species are selected carefully, they should provide an economic return when harvested. For example, filter feeding mollusks have been shown to remove suspended particulates, seaweeds can remove dissolved substances, and echinoderms remove settling debris, either directly or indirectly. Direct removal occurs when the extractive species consumes farm waste directly, such as when echinoderms feed on fish feed that has settled to the sea floor (Zhou et al. 2006b ). Large-scale seaweed cultivation is proposed as a means to reduce the widespread coastal eutrophication in China because macroalgae are highly efficient at directly assimilating dissolved nutrients that are then harvested as seaweed biomass (Feng et al. 2004; He et al. 2008) . Indirect removal of waste occurs when extractive species feed on the additional productivity caused by aquaculture waste, such as when bivalves feed on the increased availability of microalgae present in aquaculture zones due to higher concentrations of nutrients that promote microalgal growth (Lu et al. 2014b) . Ecological engineering is becoming popular in China because of the recent, rapid expansion of mariculture production and the waste it generates, and because China has a history of cultivating and consuming species from low trophic levels.
One simple ecological engineering measure to improve the sustainability of aquaculture operations is the fundamental step of carefully selecting the species to be cultured (Luo and Yang 2012; Zhao et al. 2013 ). This applies to intensive monoculture and polyculture. Monoculture of extractive species such as seaweed and bivalves has been promoted in China because they cause less environmental impact compared to fed finfish (Kang et al. 2013 ). Monoculture of different fed finfish can also have varying degrees of impacts, depending on species diet, metabolism, and trophic level (Wu 1995) . Herbivorous fish species are favored because of their plant-based diets and comparatively lower environmental impact (Williams 1997; Naylor et al. 2000) . It is important to select species that are well-suited to the environmental conditions in an area because feed conversion ratios are usually more favorable where environmental conditions are optimal (Nordgarden et al. 2003) . In an ecological engineering context, the selection of species for co-culture is important because the ratios of nutrients released, or assimilated, vary between species within trophic levels.
By implementing selected recommendations simultaneously, multidisciplinary approaches can help to develop a sustainable suspended mariculture industry in China. In particular, ecological engineering approaches such as IMTA can be used to augment farm-and government-level measures. The implementation of IMTA is the most frequently recommended measure for helping to reduce the impacts of suspended mariculture (Figure 6 ).
IMTA in China
Development of IMTA The implementation of various forms of IMTA is happening readily in China partly because there is a growing philosophy that the waste from the production of one resource must become an input into another (Ruddle and Zhong 1988; Chopin et al. 2001) . Because of the early suspended seaweed culture activity in the 1950s, the advent of suspended scallop culture in the 1960s, and the widespread adoption of suspended fish cage culture in the 1980s, IMTA has been described as the most common culture system in the coastal zone (Fang et al. 1996; Ren et al. 2014; Edwards 2015) . However, the implementation of IMTA has not been homogenous. Suspended IMTA systems in open water can be characterized under one of three operational regimes: incidental (extensive) IMTA, transitional IMTA, and engineered (intensive) IMTA. Incidental IMTA is the most common and occurs when extractive species are farmed in the same semi-enclosed bay as fed species so that waste assimilation by extractive species occurs naturally (Edwards 2015) . The semi-enclosed inshore bays of China are favored locations for aquaculture and so connectivity between species is facilitated by natural hydrodynamics (Ma et al. 2015) . Over the years there has been a sequential development of IMTA from these incidental systems to engineered systems as more data, information, and training become available. Transitional IMTA systems are therefore systems that initially existed as incidental systems, but are being refined by farmers to intentionally optimize operation potential by integrating species from multiple trophic levels to supplement overall farm production. Engineered IMTA systems are uncommon and most examples are experimental rather than commercial (Han et al. 2013b; Yu et al. 2016c ). China's leading case for a truly commercial, engineered IMTA system is Sanggou Bay in Shandong (37°05ʹ44.5ʹʹN 122°31ʹ39.1ʹʹE). The bay has been well researched in an IMTA context because farmers in Sanggou Bay have intentionally cultured species from multiple trophic levels in combination, and on a large scale, since at least 1996 (Fang et al. 1996; Mao et al. 2006) . Finfish are produced in the inner bay, and scallops and oysters are cultivated in the mid-bay (Mahmood et al. 2016b ). There is a mixed-culture zone where bivalves and macroalgae are farmed in combination in the outer-mid-bay and then toward the mouth of the bay macroalgal culture is dominant because of the optimal hydrodynamics there (Mahmood et al. 2016a ). Successful nutrient transfer is shown between trophic levels and more recently scientists and farmers have worked together to improve production ratios by managing trophic levels and assessing the feasibility of various mariculture schemes (Ren et al. 2014; Liu and Su 2015) .
Geographic distribution of IMTA
Research on IMTA has been heavily centered in Shandong province in northern China (Figure 2) , probably because Sanggou Bay has served as a model for large-scale IMTA research since 1996 and because Shandong province is home to more than 70% of the marine research institutions in China (Fang et al. 1996 ; Ding, Ge, and Casey 2014).
Although few studies have assessed the applications of IMTA in southern China the region is not short of valuable, commercial species from low trophic levels. For example, the seaweed Gracilaria lemaneiformis , scallop Chlamys nobilis (Guo and Luo 2006) , and oyster Crassostrea hongkongensis (Lam and Morton 2003) are all commercially cultivated in southern China and can be tested in largescale IMTA systems, but so far integrating low trophic level species with fed species remains experimental (e.g., Yu et al. 2012; Yu et al. 2014b ). To elucidate potential climatic influences that may act as drivers to the success of commercial IMTA in northern China, new research could focus on commercial-scale IMTA in provinces south of Shandong. The details of extractive species that have been studied for IMTA systems in China are presented in Appendix S4: Table S1 .
The benefits of IMTA in China
The potential benefits of IMTA are well reviewed internationally (e.g., Chopin et al. 2001; Neori et al. 2007; Troell et al. 2009 ). The benefits of IMTA in China have not been reviewed previously. China's IMTA research has been directed at the core benefits of bioremediation and/or biomitigation while other benefits have been studied less frequently (Figure 7 ).
Bioremediation/biomitigation
Bioremediation or biomitigation of waste products can be achieved by cultivating low trophic-level organisms to assimilate farm waste and convert it to a harvestable biomass (Troell et al. 2009 ). For example, suspension feeding bivalves are suitable for processing suspended particulate wastes, and seaweeds are suitable for absorbing dissolved nutrients (Zhou et al. 2006c; Wu et al. 2015a) . Energy transfer between trophic levels has been confirmed in several studies using stable isotope analysis and/or fatty acid profiling (e.g., Gao et al. 2006; Jiang et al. 2013; Mahmood et al. 2016b ). The bioremediation potential of several species has been demonstrated (e.g., He et al. 2008; Yu et al. 2014a ; Appendix S4, Table S1 ). In Jiaozhou Bay the production of 200,000 tons of Manila clam has been estimated to filter the entire volume of the bay in under 1 week, substantially reducing the occurrence of eutrophication there (Xiao et al. 2007) . It has been proposed that, when low trophic-level species are favored, top-down control from aquaculture can help to maintain the ecological structure and function of bays (Zhou et al. 2006d) . In Xiangshan Bay it was shown that a yield of 30.4 tons of G. lemaneiformis removed nearly 94 kg of N and 13 kg of P and several water quality parameters including dissolved oxygen and pH were improved . He et al. (2016) has hypothesized that various algae can be used to extract selected, unwanted pharmaceuticals from the water. Additionally, IMTA systems are also shown to effectively sequester atmospheric CO 2 released by factories in the region (Tang, Zhang, and Fang 2011) .
Increased farm production
Increased farm production is beneficial because culture organisms reach size-at-harvest more rapidly or the total harvestable biomass that can be produced in a site is increased (Neori et al. 2004; Sara et al. 2012) . In Ailian Bay, Shandong, Pacific oyster Crassostrea gigas grew significantly larger shell heights and flesh dry weights at a fish cage area compared to a control area (Jiang et al. 2013) . In Sanggou Bay, Shandong, sea urchin Hemicentrotus pulcherrimus have been used experimentally to control the biofouling on scallop C. farreri cages and scallop soft tissue grew larger, but shell size did not differ, in the presence of sea urchins (Qi et al. 2014) . In Daya Bay, Guangdong, Sargassum hemiphyllum and Sargassum henslowianum had significantly faster growth rates and reached a larger size in a fish culture zone compared with naturally occurring wild populations (Yu et al. 2014b) . Increased production can ultimately help to improve overall farm profitability.
Other benefits
The seven other benefits of IMTA remain poorly demonstrated and require further investigation in China but some preliminary information has been published ( Figure 7) .
Improved function of the surrounding ecosystem is achieved when extractive species contribute to maintaining the environmental health of mariculture areas. In Hongsha Bay, Hainan, the macroalga Eucheuma gelatinae and bivalve Gafrarium tumidum were successfully used to reduce eutrophication and maintain microalgal density at acceptable levels (Li, Yu, and Peng 2015) . Macroalgae can inhibit the growth of microalgae by competition for nutrients, inhibitory allelopathy, or by reducing light penetration (Zhou et al. 2006c; Wang et al. 2007b; Yang et al. 2015) .
Improved financial return and improved overall sustainability are secondary benefits of IMTA that can result from increased production, decreased stock mortality, improved product quality, and improved public opinion and social benefits. Decreased mortality of the finfish Sebastodes fuscescens and the scallop C. farreri was achieved by integrating the macroalga G. lemaneiformis because the algae improved the aquaculture environment overall (Zhou et al. 2006a; Mao et al. 2009 ). Improved product quality is possible when IMTA systems improve the composition or appearance of products. S. hemiphyllum cultured with fish had a higher crude protein content, favorable for its use as fodder for abalone, compared to samples harvested from the wild (Yu et al. 2014b) . The yield of premium quality pearls from Pinctada martensi was consistently higher when co-cultivated with the macroalga Kappaphycus alvarezii (Wu et al. 2003) . The social benefits and improved public opinion associated with IMTA remain undemonstrated in China, but the possibility of these benefits has been discussed and should be investigated properly to help motivate wider implementation of IMTA (Troell et al. 2009; Fang et al. 2016b; Tang, Ying, and Wu 2016) . Soto (2009) proposed the potential for IMTA systems to assist in the control of aquaculture pathogens. In IMTA systems internationally, bivalves can help control luminous bacterial disease in shrimp (Tendencia 2007) . In China the sponge Hymeniacidon perleve collected from the Yellow Sea effectively removed the common aquaculture pathogens Escherichia coli and Vibrio anguillarum II from seawater (Fu et al. 2006) . The mechanisms that drive the control of pathogens in IMTA systems remain unclear, but the preliminary evidence presented here warrants further investigation.
Improved social benefits and public opinion have been associated with the implementation of IMTA . Potential social benefits could result from increased employment on farms that practice IMTA or in industries that support IMTA, such as hatcheries that are necessary to ensure a steady supply of IMTA species seed stock. Improved public opinion could arise because IMTA can have a reputation for being an environmentally friendly farming technique (Alexander et al. 2016 ). This in turn would present opportunities for producers to eco-label premium products. However, in China, the potential for social benefits and improved public opinion associated with IMTA requires further investigation.
Potential challenges to IMTA in China
The challenges facing the development of marine industries in China were reviewed by Ding, Ge, and Casey (2014) . There are several challenges facing IMTA that could hinder its implementation.
Limited new technology and skills Despite China's role as the global leader of aquaculture production, the country has been slow in adopting new skills and technology to improve aquaculture techniques . This is particularly true in the suspended mariculture sector where the focus has been on expanding production without technical progress or improvements in farm efficiency. Husbandry techniques remain largely traditional and inefficient. Engineered IMTA systems, at any scale, require advanced technology and skills for activities like water quality monitoring and regular assessments of stock growth and health (Mao et al. 2006) . Largescale IMTA systems are particularly challenging because, in most places, there is not enough information on how the separate system components interact and function as a whole ). To overcome these difficulties, training programs in modern husbandry, recruitment of a younger generation of aquaculturists, and the use of advanced aquaculture technology are recommended. Furthermore, a division in expertise in the suspended mariculture supply chain is encouraged such that individual production components are managed optimally.
Decreasing production of low trophic levels Globally there has been an increase in the weighted mean annual trophic level of cultivated species, and the number of finfish species under commercial cultivation (Campbell and Pauly 2013) . There has been a trend of "farming up the food web," resulting in a decline in the production of low trophic-level species from aquaculture (Tacon et al. 2009 ). Market prices for low trophic-level organisms in China will probably determine the future scale of their culture (Fang et al. 1996) . Although finfish mariculture production levels remain low, their proportion in total mariculture output has been increasing: from 1994 to 2004, 2014 and 2015 production expanded from 2.93% to 4.42%, 6.56%, and 7.26% of total production (MOA 2016). To prevent a continued move away from low trophic-level species, further research on alternate high-value uses of these organisms is recommended. In addition, the potential for implementing interindustry nutrient trading schemes based on the extractive capabilities of low trophic-level species should be explored.
Biogeographic and temporal barriers
Biogeographic barriers arise from the wide longitudinal distribution of China's coastline. Temporal barriers arise from seasonal changes to local conditions. Aquaculture techniques and species that are used in the cold north are not suitable to the tropical south. The environmental implications of aquaculture operations are case specific (Gao et al. 2005) . In Yantian Bay, in Fujian, no commercial seaweed cultivation occurs in the warm seasons from late spring to early autumn, whereas in north China various species of macroalgae can be cultivated all year (Wu et al. 2015a ). Optimization of stocking ratios at the species level is key to implementing IMTA systems (Tang et al. 2015) , but ratios of fish, primary producers, filter feeders, and deposit feeders vary seasonally based on farm production regimes and the metabolic rates of the culture organisms (Ren and Zhang 2016) . To overcome these barriers, exploration of indigenous species that could hold commercial value must be conducted to expand site-and season-specific lists of IMTA candidate species. Where information is lacking, a precautionary approach is recommended. The cultivation of extractive species should be prioritized while the addition of fed species should proceed cautiously based on recommendations from site-specific environmental monitoring.
Negative feedbacks
Negative feedbacks can result because newly added extractive species can themselves impact the environment or because the interactions between multiple species in a small area can have adverse consequences. In bivalve aquaculture, for example, there are carrying capacity issues to consider due to the consumption of food directly from the water column (Duarte et al. 2003; Zhou et al. 2006c ). In addition, bivalves may only partially assimilate large volumes of suspended particulates that are then converted to settling matter and can substantially contribute to the onset of anoxia in benthic environments (Ren and Zhang 2016) . In Jiaozhou Bay, Shandong, the strong top-down control of shellfish aquaculture impacts the spawning, nursery and feeding grounds of benthic fish (Xiao et al. 2007 ). Macroalgal cultivation can also impact the environment. In Sanggou Bay Saccharina japonica was shown to lose culture biomass through loss of entire individuals, breakage of thalli, and erosion of distal tissue that resulted in 61% of total carbon and 54% of total nitrogen produced in the tissues being lost to the environment (Zhang et al. 2012) . There is also the possibility that macroalgae can totally outcompete phytoplankton for essential nutrients, inhibiting the food source of filter feeding bivalves (Duarte et al. 2003) .
Some interspecies interactions in IMTA are not favorable. Tissue samples from the macroalga S. henslowianum cultivated near fish cages showed significantly higher concentrations of the metals Cr, Pb, and Cd compared with samples from a wild population, probably due to the high concentration of these metals in feed and antifouling paints (Yu et al. 2014b) . To realistically assess the suitability and benefits of IMTA at local scales, the positive and negative feedbacks of implementing these systems must be studied (Hawkins et al. 2002) .
Conclusions
In China mariculture produces more biomass per hectare than freshwater aquaculture. Mariculture production in Shandong, Fujian, Guangdong, and Liaoning is well established, but there is scope for the development of mariculture in Hebei, Jiangsu, Zhejiang, Guangxi, and Hainan. While the suspended mariculture industry is still heavily based on traditional and inefficient methods, the likelihood of fully utilizing the space suitable for mariculture development will depend on the implementation of sustainable industry practices. The impacts from suspended mariculture have been well studied in Shandong and Guangdong, but there is limited information for all other provinces. Impacts can be categorized as chemical, ecological, physical, and socioeconomic. Chemical impacts have been well studied but relatively few studies have focused on ecological, physical, or socioeconomic impacts. Minimizing impacts, and preserving the condition of suspended mariculture areas, is probably best achieved by a combination of management measures at government department, farm management, and ecological engineering levels. Of all the recommendations made in published research, implementing IMTA is the most frequently recommended. However, Shandong remains the only province in which the applications of IMTA have been methodically investigated. Further research in all provinces is encouraged. The benefits of bioremediation, biomitigation, and increased farm production have been the most frequently demonstrated, but little information has been published on other potential benefits. The challenges currently facing the expansion of engineered, commercial IMTA include limited implementation of new technology, limited development of new skills, decreasing production of low trophic-level species, biogeographic and temporal barriers, and negative system feedback.
Further research is essential for developing engineered IMTA systems that are well adapted to a variety of species and environmental circumstances. Fundamental research such as the exploration of candidate IMTA species, IMTA system designs, and the microeconomics of IMTA systems is necessary. In addition, forward-looking research into supporting industries and the implementation of affordable technology is recommended. Husbandry practices could move toward automation of basic tasks such as water quality monitoring, feeding, and size sorting. Aquaculture information management systems could be developed for stock health monitoring, regulating food safety, and information sharing amongst aquaculture associations. To facilitate the continued growth of IMTA in China, research should be coordinated around a relevant framework that forms the basis of a research, development, and implementation continuum (Figure 8 ). Improving the sustainability of suspended mariculture is a prerequisite to increasing the supply of marine products from China. Despite several clear challenges facing commercial IMTA, its implementation and development are encouraged. A move toward implementing engineered IMTA systems across China could help to alleviate some of the anthropogenic pressure facing China's coastal zones and increase the environmental, economic, and social sustainability of the suspended mariculture industry.
